Monoclonal antibodies against the nucleoprotein (NP) and matrix (M) protein of influenza C virus were prepared and characterized. At least two non-overlapping or partially overlapping antigenic sites were delineated on each of the proteins by competitive binding assays. Western blot analysis showed that two antigenic sites on the M protein were highly resistant to conformational changes whereas two sites on NP were sensitive. No antigenic variation was seen in either the NP or the M protein when the reactivity of monoclonal antibodies with 23 different influenza C strain s isolated over a 41 year period was studied by radioimmunoprecipitation and enzyme-linked immunosorbent assay. Immunofluorescence analysis with the monoclonal antibodies revealed that both the NP and M proteins migrated to the cell nucleus during the replication cycle of influenza C virus.
Introduction
Influenza C virus contains five internal non-glycosylated proteins including three P proteins (P1, P2, P3), nucleoprotein (NP) and matrix (M) protein in addition to a single surface glycoprotein, haemagglutinin-esterase (HE) (Compans et al., 1977; Petri et al., 1980; Vlasak et al., 1987) . Earlier serological studies with polyclonal antiviral sera showed that influenza C virus strains isolated over a long period in different parts of the world were highly cross-reactive in haemagglutination inhibition tests (Chakraverty, 1978; Meier-Ewert et al., 1981 ; Kawamura et al., 1986) , suggesting that the antigenicity of HE is much more stable than that of the surface glycoproteins of influenza A and B viruses. However, antigenic analysis with monoclonal antibodies (MAbs) directed to four different antigenic sites (A-I, A-II, B-I and B-II) on the HE protein revealed that sites A-I and A-II underwent considerable changes while sites B-I and B-II were conserved among almost all of the strains tested (Sugawara et al., 1986 (Sugawara et al., , 1988 .
To date no data have been published on the antigenic relationships between the internal proteins of different influenza C virus strains. Analyses of influenza C viral proteins by SDS-PAGE and one-dimensional peptide mapping showed, however, that the structures of NP and M were both highly conserved though minor degrees of variation could be seen EUiott et al., 1984) .
Previous immunofluorescence studies of influenza A virus-infected cells demonstrated that NP accumulated in the nucleus (Watson & Coons, 1954; Lui, 1955; Maeno et al., 1977) . The intracellular location of M1 is still controversial, with some reports describing its detection in both the nucleus and the cytoplasm (Gregoriades, 1973; Oxford & Schild, 1975; Hay & Skehel, 1975; Maeno et al., 1977; Patterson et al., 1988; Bucher et al., 1989) whereas others claim that it is absent from the nucleus (Lazarowitz et al., 1971; Krug & Etkind, 1973) . At present, no information is available concerning the intracellular distribution of NP and the M protein during the replication cycle of influenza C virus.
In the present study, we prepared panels of MAbs to the NP and M protein of influenza C virus for topographical analysis of these molecules, and investigated their reactivity with different virus strains and the intracellular localization of the proteins during virus replication.
Methods
Cells and viruses. The MDCK line of canine kidney cells was grown in Eagle's MEM containing 10% bovine serum and the HMV-II line of human malignant melanoma cells in RPMI 1640 medium containing 10% bovine serum. The following 23 influenza C virus strains were used in this study: Taylor/1233/47, Ann Arbor/l/50, Yamagata/64, Sapporo/71, Aomori/74, Kanagawa/1/76, Miyagi{77, Shizuoka/79, Kyoto/l/79, Mississippi/I/80, Kanagawa/l/81, Yamagata/26/81, Aichi/1/81, Kyoto/41/82~ Nara/82, Hyogo/1/83, Nara/1/85, Nara/2/85, Nara/l/86, Yamagata/1/86, Nara/1/87, Yamagata/1/88 and Hiroshima/1/88. Stocks of all these viruses were grown in the amniotic cavity of embryonated hen's eggs as described previously (Yokota et al., 1983) . Purification of influenz~ C virions grown in either MDCK or embryonated eggs was performed according to described procedures (Sugawara et al., 1981 (Sugawara et al., , 1988 .
MAbs. To produce hybridomas secreting MAbs against influenza C viral proteins, BALB/c mice were immunized by the following four protocols. (i) Purified C/Ann Arbor/l/50 virions grown in MDCK cells were disrupted by treatment with 0.l M-Tris-HC1 pH 7.4 containing 2~ Triton X-100 and 1 r,i-NaCl at room temperature for 15 min, and the HE glycoprotein-enriched fraction was prepared according to the procedures described by Scheid & Choppin (1973) . Mice were injected subcutaneously with this material (50 ~tg protein/animal) which had been emulsified in Freund's complete adjuvant and were boosted 28 days later with the same antigen (25 ~tg protein/animal). (ii) Mice were immunized intraperitoneally with MDCK-grown C/Ann Arbor/I/50 virions (100 ~tg protein/animal) which had been disrupted in 0.01 MTris-HC1 pH 7,4 and 1 ~ Triton X-100 and then emulsified in Freund's incomplete adjuvant, Twenty-eight and 35 days later, the animals received two additional injections of the same dose of the antigen through the same route. (iii) The C/Ann Arbor/I/50 virions grown in embryonated eggs were solubilized in 0.1 xl-Tri~HCl pH 7.4 containing 2~ octyl-D-glucoside and 1 ~l-NaC1 at room temperature for 30 min. After centrifugation at 100 000 g for 30 min, the resultant pellet was suspended in phosphate-buffered saline lacking Ca 2+ and Mg 2+ pH 7.2 (PBS). Mice were primed by subcutaneous injection of this material (100~tg protein/animal) mixed with Freund's complete adjuvant and boosted 22 days later with the same antigen. (iv) For both priming and booster injections, mice were injected subcutaneously with egg-grown C/Mississippi/i/80 virions (100 btg protein/animal) emulsified in Freund's complete adjuvant. A booster injection was made 24 days after the first one. Immunized mice were sacrificed 3 days after the last immunization, and hybridomas producing MAbs were prepared according to the method of K6hler & Milstein (1976) as described previously (Hongo et al., 1986) .
ELISA and competitive binding ELISA. ELISA was performed as described elsewhere (Hongo et al., 1986) using purified influenza C virions (2.5~tg/well) grown either in MDCK cells (for C/Ann Arbor/I/50) or in eggs (for C/Mississippi/l/80) as antigens. Competitive binding ELISA was done according to the previously described method (Sugawara et al., 1988) using purified C/Ann Arbor/I/50 virions grown in MDCK cells as antigens (2.5 l-tg/welt).
Radioimmunoprecipitation (RIP).
Monolayers of HMV-II cells grown in 35 mm plastic Petri dishes were inoculated with virus stock at a multiplicity of 10p.f.u./cell. After an adsorption period of 1 h, unadsorbed inoculum was removed, and the cells were incubated in serum-free RPMI 1640 medium at 34 °C. At 24 h post-infection (p.i.), the culture medium was replaced with Hanks' balanced salt solution containing 20 ~tCi/ml of [35S]methionine (ARC) and cells were labelled for 2 h. Monolayers were then washed with ice-cold PBS and scraped into the buffer. After pelleting by low-speed centrifugation, cells were disrupted in 0.01 M-Tris-HCI pH 7.4 containing 1 ~ Triton X-100, 1 sodium deoxycholate, 0.1% SDS and 0.15 M-NaC1, and the resulting lysate was subjected to RIP according to the procedures described (Sugawara et al., 1986) . The immunoprecipitates obtained were analysed by SDS-PAGE followed by fluorography as described elsewhere (Hongo et al., 1986) .
Western blotting. This was carried out as described (Sugawara et al., 1988) using the proteins of MDCK-grown C/Ann Arbor/I/50 virions as antigens.
Immunofluorescent staining. HMV-II cells grown on coverslips were infected with C/Ann Arbor/I/50 or C/Yamagata/1/88 at a multiplicity of about 10 p.f.u./cell. At various times after infection, cells were fixed with carbon tetrachloride for l0 min at room temperature and then stained by the indirect method. The MAbs directed to the HE, NP or M protein of influenza C virus, each diluted l : 100 in PBS containing 1 BSA, were used as the primary antibodies. Fluorescein isothiocyanateconjugated rabbit anti-mouse IgG (ICN Immunologicals) was diluted 1:50 and used as the second antibody. T h e h y b r i d o m a s w e r e i n j e c t e d into t h e p e r i t o n e a l c a v i t y o f s y n g e n e i c m i c e , a n d the ascitic fluids collected w e r e used as a source o f M A b s . T h e specificity o f these a n t i b o d i e s was d e t e r m i n e d by R I P followed by S D S -P A G E o f the resultant precipitates. A s s h o w n in Fig. 1 , 11 w e r e specific for N P a n d n i n e for M.
T h e r e m a i n i n g 26 a n t i b o d i e s w e r e all r e a c t i v e w i t h H E ( d a t a not shown), a n d their c h a r a c t e r i z a t i o n is n o w under way. Table 1 summarizes the specificity of the individual MAbs derived from each of the four immunization protocols. It appears that different protocols resulted in different spectra of hybridomas in terms of specificity. Protocol (i), for instance, produced predominantly the hybridomas specific for HE. In contrast, the hybridomas specific for internal proteins predominated when protocols (ii) and (iii) were employed.
Antigenic analysis of NP and M by competitive binding assays
It has been claimed previously that the results of competitive binding assays, if performed with two antibodies of different activities, must be interpreted carefully since the competitive reaction invariably favours the binding of the antibody with higher avidity (Stone & Nowinski, 1980; Massey & Schochetman, 1981) . Prior to the competitive binding studies, therefore, the avidities of the anti-NP and anti-M MAbs were compared by ELISA, assuming that at antigen saturation the maximum amount of antibody bound to the wells is a direct reflection of the avidity of the antibody for its epitope (Frankel & Gerhard, 1979) . As seen in Fig. 2(b) , the maximum levels of binding to the virus-adsorbed wells were not significantly different among nine MAbs directed against M. The avidity curves of 11 anti-NP MAbs, on the other hand, were remarkably different from one another (Fig. 2a) , and it was possible to classify the individual antibodies roughly as having high (H3, H12 and H27), intermediate (F17, MS8 and MS14), low (F15, U17 and MS13) or extremely low (H31 and G4) (Table 3 ) suggest the existence of at least two non-overlapping or partially overlapping antigenic sites (M-I and M-II) on the M protein of influenza C virus. Seven antibodies that recognized antigenic site M-I competed to various degrees with one another although the competition was not always reciprocal. In contrast, the binding of these antibodies was not inhibited with either G32 or Z8 which recognized antigenic site M-II. The latter two antibodies exhibited complete competition with each other, and their binding to M was inhibited only weakly, if at all, by the antibodies reactive with site M-I.
Reactivity of MAbs with denatured proteins
To examine whether the epitope recognized by each of anti-NP and anti-M MAbs depends on conformation, the reactivity of the antibodies with the corresponding proteins was further investigated by Western blotting. It was found that all of nine anti-M MAbs were reactive with the denatured M protein blotted on the transfer membranes (data not shown), indicating that antigenic sites M-I and M-II are both resistant to conformational changes caused by heating in the presence of SDS and 2-mercaptoethanol. Six antibodies recognizing sites NP-I and NP-II, on the other hand, were all unreactive with the denatured form of NP. Although three antibodies of low avidity (F15, U17 and M13) were also unreactive with the denatured NP protein, two antibodies of extremely low avidity (H31 and G4) were reactive (data not shown), raising the possibility that the latter may recognize antigenic sites distinct from either NP-I or NP-II.
Reactivity of MAbs with various strains of influenza C virus
Panels of the 11 anti-NP and nine anti-M MAbs described above were tested by RIP for reactivity with 23 different influenza C virus strains (listed in Methods) that had been isolated in the U.S.A. and various areas of Japan during the period from 1947 to 1988. The results showed that all the MAbs were able to immunoprecipitate the NP or M protein from any of the virus strains examined (data not shown). Antigenic variation in the NP and M proteins was undetectable even when ELISA was used to assess the reactivity of the MAbs with the strains (data not shown). We conclude, therefore, that the NP and M proteins of influenza C virus are antigenically highly conserved in nature.
Immunostaining of infected cells
To investigate the intracellular location of the HE, NP and M proteins of influenza C virus, C/Ann Arbor/1/50-infected HMV-II cells were fixed with carbon tetrachlor±de at various times between 6 and 72 h p.i. and then stained with one of the following MAbs: J14 (anti-HE; Sugawara et al., 1988) , H27 (anti-NP) or L2 (anti-M).
The HE antigen became detectable at 12 h p.i. in the 
+ +
* +, >70~ competition at 1 mg/ml of unlabelled competitor; +, 50 to 70~ competition; -, <50~ competition; -/+, <50~ in some experiments and 50 to 70~ in others. cytoplasm as a diffuse speckled pattern. Although the intensity of the cytoplasmic fluorescence increased rapidly with further incubation, the HE antigen was never seen in the nucleus throughout the observation period (Fig. 3 a) . The NP antigen was first detected at 8 h p.i. in the perinuclear region of the cytoplasm as fine granular fluorescence. At 24 h p.i., the antigen became detectable in the nucleus as granular or reticular fluorescence, with stronger fluorescence throughout the cytoplasm (Fig. 3b) . The fluorescence in the nucleus as well as in the cytoplasm continued to increase in brightness until at least 72 h p.i. The M antigen could first be demonstrated in the cytoplasm as faint, diffuse fluorescence at 12 h pi. The cytoplasm was stained more heavily at 24h p.i., when the granular or reticular fluorescence appeared in the nucleus (Fig. 3 e) . Owing to the weakness of the nuclear M antigen fluorescence, the precise intranuclear location of the antigen was not clear in C/Ann Arbor/1/50-infected cells. "I ae staining pattern of C/Yamagata/1/88-infected cells suggested, however, that the M antigen in the nucleus may be associated predominantly with the nucleoli (Fig. 3d) .
Discussion
At least two non-overlapping or partially overlapping antigenic sites were delineated on each of the NP and M proteins of influenza C virus by competitive binding assays. Antigenic site M-I appears to be more immunogenic in mice than site M-II since seven out of nine anti-M MAbs obtained were directed to the former site and only the remaining two to the latter. Similarly, NP-I may be a prominent immunogenic site on the NP molecule; among the six anti-NP antibodies subjected to competitive binding analysis, five were shown to recognize this site. Previously, Van Wyke et al. (1981) and Bucher et al. (1989) demonstrated the presence of a minimum of three non-overlapping antigenic domains on each of the NP and M1 proteins of influenza A virus, the Mrs of which are comparable to the corresponding proteins of influenza C virus (Compans et al., 1977) . Therefore it is still possible that additional non-overlapping antigenic sites may exist on the influenza C virus NP and M proteins. In fact, Western blot analysis showed that two anti-NP antibodies of unclassified grouping (G4 and H31) reacted with denatured NP whereas those recognizing sites NP-I and NP-II did not, raising the possibility that the G4 and H31 epitopes might be located in antigenic site(s) distinct from NP-I and NP-II. However, such unidentified antigenic sites, even if they exist, would be much less immunogenic than site NP-I or site M-I. Sugawara et al. (1983) and Elliott et al. (1984) compared the major polypeptides of different influenza C virus strains by SDS-PAGE and one-dimensional peptide mapping and concluded that the structures of NP and M were highly conserved over a long period. In the present study, despite the use of large panels of MAbs for antigenic analysis, no antigenic differences were detected in either the NP or the M proteins of 23 different influenza C strains isolated over a 41 year period. The NP and M1 proteins of influenza A virus were originally characterized as being antigenically invariant (Schild & Pereira, 1969; Schild, 1972) . However, serological studies with MAbs demonstrated clearly that they undergo antigenic variations. Van Wyke et al. (1980) detected antigenic differences in four of the five NP epitopes among influenza A virus strains belonging to different subtypes. Bucher et al. (1989) analysed the reactivity of 19 anti-Ml MAbs with a broad panel of influenza A viruses and showed that many of the antibodies exhibited marked differences in reactivity among different strains. The occurrence of antigenic changes was also observed in the NP and M proteins of paramyxoviruses including measles virus (Sheshberadaran et al., 1983; Sato et al., 1985) , mumps virus (Rydbeck et al., 1986) and Newcastle disease virus (Nishikawa et al., 1987) . Thus the influenza C virus NP and M proteins may be the least variable among the corresponding proteins of orthomyxo-and paramyxoviruses examined so far. The striking antigenic stability of influenza C virus NP and M could be due to high degrees of functional constraints imposed on the proteins.
Serological studies with polyclonal antiviral sera demonstrated that antigenic variation exists in the HE glycoproteins of different influenza C virus strains, although they broadly cross-react with each other (Czekalowski & Prasad, 1973; Chakraverty, 1974 Chakraverty, , 1978 Kawamura et al., 1986) . In addition, antigenic analysis with MAbs revealed that two of the four antigenic sites are subject to considerable changes although the remaining two are conserved very well (Sugawara et al., 1986 (Sugawara et al., , 1988 . It is certain, therefore, that the surface glycoprotein, HE, of influenza C virus is antigenically less stable than the internal proteins, NP and M, which is not incompatible with our recent hypothesis (Adachi et al., 1989 ) that influenza C virus, like the other types of influenza virus, may be exposed in nature to a significant amount of immunological selection pressure.
Petri et al. (1979) described findings showing that actinomycin D and ot-amanitin caused reductions in the yield of influenza C virus in a chicken kidney cell culture, suggesting the requirement for nuclear function for its replication. Immunofluorescence studies with antiviral immune sera also showed that influenza C virus antigens occurred in the nuclei of infected cells (Barclay et al., 1971; Riser & Maassab, 1990) . In the present study we were able to stain the nuclei of influenza C virus-infected cells with MAbs against either the NP or the M protein.
It is unlikely that the immunoreactivity in the nucleus is caused by cross-reactive host cell proteins induced by influenza C virus infection since the infected cell nucleus could be stained with any of 11 anti-NP and nine anti-M MAbs examined (data not shown). It is generally accepted that the NP protein of influenza A virus accumulates in the nucleus (Watson & Coons, 1954; Lui, 1955) . Although there is contradictory evidence as to whether the M 1 protein enters the nucleus, several recent reports clearly demonstrated its migration to the nucleus (Maeno et al., 1977; Beesley & Campbell, 1984; Patterson et al., 1988; Bucher et al., 1989) , and one such report described nuclear staining of M1 protein which was characterized by more intense staining of the nucleoli, whereas nuclear staining of NP is characterized by the absence of stain from the nucleoli (Bucher et al., 1989) . The association of M protein with the nucleoli was observed in HMV-II cells infected with the influenza C/Yamagata/1/88 strain. It is important to examine whether this is also seen in the different host cell typevirus strain systems, and such experiments are now in progress.
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